We describe the reproductive period, fecundity, and average size at the onset of functional maturity of female Aegla franca, the northernmost distributed aeglid species. The reproductive period is markedly seasonal and takes place from May (austral mid-autumn) to August (late winter). Ovigerous females appear quite abruptly in the population by May, and this condition is observed in all adult females sampled regardless of their size. The average size at the onset of functional maturity in females, at which 50% of the females sampled during the reproductive period were considered adults, was 12.75 mm CL. The smallest post-ovigerous female measured 12.06 mm carapace length (CL). Mean fecundity (6S.D.) from 41 females bearing early and intermediate eggs was 129.1 6 32.2 and corresponded to a mean female CL of 14.11 mm. The elliptical-shaped eggs exhibited significant increase in size along the development stages. The third pair of pleopods bore higher number of eggs than the others. Compiled information regarding the reproductive period reported for aeglids revealed an increase in the breeding period length with latitude. The reproductive period tends to be shorter in localities under larger rainfall variation and smaller temperature variability than in sites with opposite climate conditions. Eggs tend to be fewer in number and larger in size towards lower latitudes. We present an hypothesis that stream water velocity might act as a major selective pressure during the early life history of fluvial aeglids with direct effect on the reproductive pattern.
INTRODUCTION
Aegla Leach, 1820 is the only extant genus of the family Aeglidae Dana, 1852 . Over 60 species of this freshwater anomuran are currently known, and all are endemic to temperate and subtropical regions of continental South America (Schmitt, 1942; Martin and Abele, 1988; Bond-Buckup and Buckup, 1994; Bond-Buckup, 2003) .
The original description of Aegla franca Schmitt, 1942 was actually based on specimens collected in 1910 from the typelocality in the county of Franca, state of São Paulo, Brazil. Until recently, no additional specimens had been collected from either the type-locality or any other area nearby within that county for almost a century. This might be explained by the rapid environmental degradation, fragmentation, and destruction of natural habitats throughout the county of Franca as a result of a prosperous agricultural and industrial development in the past decades. The recent rediscovery of surviving populations of A. franca from six small streams located in the southeastern region of Brazil (see Bueno et al., 2007) prompted a series of field and laboratory investigations regarding this species. So far, published information in the scientific literature concerns the description of the newlyhatched juvenile (Francisco et al., 2007) , and the estimation of the population size by mark-recapture technique . A. franca represents the northernmost limit of geographic distribution for Aeglidae and its restricted area of occupancy allows this species to be included under the vulnerable category in the IUCN (2001) criteria for classifying species at risk of extinction.
The determination of the reproductive pattern and the size at the onset of maturity are valuable information regarding the life cycle of decapod crustaceans, and are important in animal population management concerning the preservation of endangered species. This paper describes the reproductive period, fecundity, and average size at the onset of functional maturity of female Aegla franca. Some investigations on the reproductive biology of aeglids species are available (see Mouchet, 1932; Bahamonde and López, 1961; López, 1965; Rodrigues and Hebling, 1978; Colpo et al., 2005; Viau et al., 2006; Sokolowicz et al., 2007) , and the subject has recently been reviewed by Tudge (2003) .
MATERIALS AND METHODS
The study area comprised a 120 m long section of the Barro Preto Stream located in a private cattle farm known as Fazenda Barro Preto (208189470S; 478169370W) in the county of Claraval, state of Minas Gerais, southeastern Brazil. The Barro Preto Stream is a small affluent (approx. 5 km long; area: 12,500 m 2 ) of the Canoas River, which in turn drains into the Grande River, an important tributary of the Paraná River Basin. The local climate presents a narrow temperature range (16.9-22.08C) and a seasonal rainfall regime (11-281 mm) with dry weather prevailing from April to September (austral autumn to early spring). This latter climatic pattern clearly influences the flow velocity of rivers and streams of the region (Fig. 1) .
Monthly samples were taken during two complete years, from January 2004 to December 2005. Animals were captured with the aid of 4 large metal traps (50 cm 3 25 cm 3 20 cm) and 20 small plastic traps (20 cm 3 12 cm 3 8 cm) distributed randomly throughout the working area. Traps were set in the afternoon and inspected for captured animals in the following morning. Dried cat feed, containing fish meal as one of the main ingredients, was used as bait as described by Bueno et al. (2007) .
Females were easily distinguishable from males by the position of the gonopores on the coxa of the third pair of pereiopods and/or the presence of developing or fully developed pleopods (Martin and Abele, 1988) . All measurements and observations were done on live specimens, which were returned back to the stream after data collection was completed. A few adult specimens (males and females) from the study site were deposited in the Museu de Zoologia of the Universidade de São Paulo (MZUSP number 17061).
Carapace length (CL) was measured from the postorbital margin of the extraorbital sinus to the mid-posterior border, behind the areolar area, with a digital calliper to the nearest 0.01 mm. Individuals smaller than 8 mm of CL were measured with a calibrated ocular micrometric scale adjusted to a Bausch and Lomb field dissecting scope. The distance from the tip of the rostrum to the mid-posterior border of the carapace (carapace length with rostrum included, or CLR) was also measured. The CLR vs CL relationship was described by the function CLR ¼ 1.11962CL -0.4316 (r 2 ¼ 0.96) for adult females and allowed comparisons of the results of the present study with those published by other authors in which the carapace length was measured with rostrum included (Bahamonde and López, 1961; López, 1965; Jara, 1977; 1989; Hebling and Rodrigues, 1977; Swiech-Ayoubi and Masunari, 2001; Fransozo et al., 2003; Viau et al., 2006) .
Late maturation of the ovaries was characterized macroscopically by evaluation of the size and colour of these gonads, which were clearly visible to the naked eye as two parallel strands running posteriorly through the translucent thin exoskeleton of the ventral side of the pleon. Size characterization of the ovaries was based on the extension of these gonads with respect to a pleomere and its corresponding pair of pleopods as visual references. When strand extension differed in the pair, the most developed side was considered in this evaluation. Four ovarian stages were classified macroscopically as follows. This visual characterization of the ovaries was devised with the sole purpose of helping the observer follow the final development of the gonads and recognize impending oviposition under field conditions. Thus, no direct correspondence of the stages described above to ovarian cell developmental stages during maturation was originally intended.
The reproductive period of A. franca was based on the observation of ovigerous females sampled each month during the study period. The average size at the onset of functional maturity in females was determined as the CL at which 50% of the females sampled during the reproductive period were considered adults. The adult condition was recognized by either one of the following three unmistakable reproductive traits: 1) bright red ovaries at development stages 2, 3 or 4 as described above and clearly visible in the pleon on non-ovigerous females; 2) the ovigerous condition, in which females bore eggs attached to the pleopods; and 3) the postovigerous condition, recognized either by the presence of newly-hatched juveniles in the brooding chamber formed by the flexed pleon of the female or ovigerous setae on the pleopods soon after parental care was completed. This latter trait could be easily recognized by a darker coloration due to accumulated debris during the incubation period. The average size at the onset of functional maturity was obtained by interpolation of the logistic function PAF ¼ 1/1þe (ÀaÀb*CLC) (Oh and Hartnoll, 1999; Oh et al., 2002 ) fit on plots of proportion of adult females (PAF) vs. CL classes (CLC) midpoints with the aid of CurveExpert software (version 1.3, Hyams, 2001) .
Eggs were counted and inspected for embryonic development at the collecting site without removing them from the pleopods. Each ovigerous female was loosely tied with rubber band ventral side-up against the concave surface of an excavated glass slide (7.5 cm 3 5.0 cm; diameter of central excavated area: 3.5 cm) to restrain movements and to maintain the pleon in a straight position so as to give the observer free access to the egg mass (Fig. 2) . The immobilized female was immersed in a small plate containing water, and examined under a Bausch and Lomb field dissecting scope.
Three embryonic stages were recognized: 1) early eggs, with embryos showing no sign of developing compound eyes, and with the yolk mass evenly distributed and occupying more than 80 % of the egg volume; 2) intermediate eggs, with embryos showing developing dark pigmented compound eyes, each roughly shaped as a narrow biconvex rod, and with the yolk mass occupying 50 to 80 % of the egg volume; 3) late eggs, in which embryos are clearly discernible, showing larger compound eyes than in the preceding stage, roughly round in shape, and the yolk mass is reduced to less than 50% of the egg volume.
Eggs attached to each pleopod were visually counted twice while the appendage was gently raised with the aid of a blunt stylet, and a rounded-up average number was considered. The number of the few eggs that had fallen off accidentally during egg mass manipulation was included in the count.
Data from three females carrying very small number of early eggs (2, 13 and 14 eggs, respectively) were excluded from fecundity analysis. This condition was attributed either to the possible major loss of an unfertilized egg mass or possible failure to successfully promote the attachment of fertilized eggs to the pleopods during oviposition. The number of eggs (NE) vs. female CL relationship for each embryonic development stage was obtained by applying linear regression to log-transformed data. The criterion for exclusion of outliers was absolute values of standardized residuals (z) higher than 2.57 (P , 0.01). The obtained significant regression lines were compared with analysis of covariance (ANCOVA). Data corresponding to non-differing lines were pooled for the final computation of fecundity.
Difference in the number of early eggs between pairs of pleopods was tested with the Friedman test. In the case of a significant result, pairs of samples (number of eggs attached to pleopods) were compared with the Wilcoxon test with the Bonferroni correction on the significance level (a/ number of comparisons).
Only eggs that had accidentally fallen off the pleopods of ovigerous females during egg counting procedure were used for size measurements. Eggs were grouped according to each embryonic stage of development defined previously and were preserved in a 70% alcohol solution. The limits of the major and the minor axes of each elliptical-shaped egg were drawn to a piece of paper with the aid of a dissecting scope with attached camera lucida and then measured with digital calliper. Measurements were subsequently converted into millimetre units by comparison with a calibrated micrometer slide scale (Bueno and Rodrigues, 1995) . Lengths of major and minor axes and the axes length ratio (minor axis length/major axis length) of the three embryonic development stages of eggs were compared with the Kruskal-Wallis test followed by the Dunn's multiple comparison test (Zar, 1996) whenever significant results were obtained.
All tests, except otherwise noted, were performed according to the procedures described by Sokal and Rohlf (1995) with the aid of the Statistica 7.1 software (StatSoft, Inc).
RESULTS
During the 2-year study period, 732 females were sampled. Carapace length (CL) ranged from 5.30 to 18.83 mm. The smallest female sampled in March 2005 still had poorly developed pleopods, but the gonopores on the coxa of the third pair of pereiopods were already visible under a field scope, and left no doubt about sex recognition.
The carapace lengths of the smallest female with developing ovaries at stages 2 to 4, of the smallest ovigerous female, and of the smallest post-ovigerous female measured 11.38 mm (12.31 mm CLR), 12.06 mm (13.07 mm CLR), and 11.51 mm (12.46 mm CLR), respectively. Figure 3A shows the gradual transition of ovarian development from stage 2 to stage 4 with time during the investigation period. Visual recognition of developing ovaries in the pleon was possible from February to April in both years (data from February 2004 not shown because information on ovarian development was not quantified). By April 2004 and 2005, most of the sampled adult females exhibited advanced ovarian development in the pleon and by May all were ovigerous (Fig. 3B) . One exception occurred in June, 2004 when a single non-ovigerous female still showing ovarian development at stage 3 was sampled (Fig. 3A) . The temporal pattern of ovarian development indicates that this species produces a single egg mass during the reproductive period.
The reproductive period of Aegla franca was markedly seasonal (Fig. 3B) , and took place from May (austral midfall) to August (late winter) in both years of study. The temporal variation in the proportions of ovigerous and post-ovigerous females indicate an incubation period of approximately 3 months. Post-ovigerous females began to appear in the population by July and were sampled with increasing proportion until September. By October in both years, adult females exhibiting any of the three conditions associated with reproduction (developing ovaries, ovigerous or post-ovigerous) were no longer sampled.
The average size at the onset of functional maturity in females (n ¼ 235), as estimated by the logistic equation
(140.74-11.03*CLC) was 12.75 mm of CL (13.84 mm of CLR) (Fig. 4) .
Significant lnNE vs. lnCL relationships were obtained for early and intermediate egg stages only (Table 1 ). The corresponding regression lines did not differ significantly either in slope (F ¼ 0.2399; P¼ 0.6271) nor in intercept (F¼ 0.0409; P ¼ 0.8407). The pooled fecundity function was defined as lnNE ¼ 2.4058lnCL -1.5309 (n ¼ 41; r 2 ¼ 0.6247; P , 0.001); standard errors of the slope and of the elevation were 0.2926 and 0.7739, respectively. This relationship is illustrated in Fig. 5 (Fig.  6 ). Eggs are elliptical in shape. Data on the average size (6SD) of the major and minor axes for each embryonic stage are presented in Table 2 . The length of the major axis differed significantly with the embryonic development stages (Kruskal-Wallis H ¼ 110; P ¼ 1.29.10 À24 ). Early eggs differed from intermediate eggs as well as from late eggs, while no significant difference was detected between the two latter stages. Egg shape also altered during embryonic development as detected by the values of the axes length ratio (H ¼ 16.9979; P ¼ 0.0002) being more markedly elliptic in the later stages than in the early one.
DISCUSSION
The visual recognition of ovarian development at stages 2, 3 and 4 in the pleon in Aegla franca proved to be a helpful criterion of impending oviposition. These three stages together were observed in variable proportions in all adult females sampled in March and in April (Fig. 3A) . The early development of the ovaries in the aeglids is initially confined to the cephalothoracic region, and as development proceeds, the posterior lobes of the gonads gradually extend into the pleomeres, with possible change in colour as the vitellogenic phase takes place (Viau et al., 2006; Sokolowicz et al., 2007) . The ovarian development at stages 2, 3 and 4 in the pleon, and herein applied to Aegla franca would correspond to the mature stage IV of the ovarian maturation cycle as described for Aegla platensis Schmitt, 1942 by Sokolowicz et al. (2007) , at which the ovaries acquire their definitive colour and are histologically characterized by the large number of secondary oöcytes in advanced vitellogenesis.
The average size at the onset of functional maturity in Aegla franca (12.75 mm CL or 13.84 mm CLR), at which 50 percent of females showed one of the three indisputable traits associated with reproduction, was larger than the size observed for the smallest ovigerous female (12.06 mm of CL or 13.07 mm of CLR). The average size at functional maturity is also larger than the average size at the onset of morphometric maturity in females of the same species, as calculated by relative growth of the chelae dimensions (10.93 mm CL, or 11.81 mm CLR) (Bueno and Shimizu, Schmitt, 1942 , in which morphometric maturity is attained at a smaller size than gonadal and functional maturities (Viau et al., 2006) . These results indicate that significant changes in morphological traits at the puberty moult occur before functional maturity is attained.
A distinctive feature in Aegla franca reproductive biology is that all adult females becomes ovigerous in the beginning of the reproductive period (May), regardless of their CL. The only case of an adult female that still showed developing ovaries during the reproductive period (June 2004) may be viewed as a possible isolated case of late oviposition. This observation differs from the data available in the literature which suggest that the proportion of mature aeglid females increases with size. For instance, Burns (1972) reported that in A. laevis laevis (Latreille, 1818) , only 1.9% of the females were mature at 12 mm of carapace length (CL or CLR not specified), and that this percentage increased to 78% at 15.5 mm and to usually 100% by 20.5 mm carapace length.
The high percentage of ovigerous females in Aegla franca is explained by the fact that functional maturity in females is achieved approximately at 21 months of age in a lifespan estimated as 28.4 months (Bueno and Shimizu, in preparation) ; so, for adult females (and for adult males as well) it means that they will not live enough time to reproduce again in the following year.
Marked seasonal reproductive cycle similar to that of Aegla franca is a fairly common pattern among aeglid species (see Table 3 ). A longer seasonal reproductive period, extending from winter (July) to late summer (March), was reported for A. longirostri Bond- Buckup and Buckup, 1994 by Colpo et al. (2005) . According to these authors this species breeds twice per year because two recruitment pulses, each preceded by an increase in the proportion of ovigerous females, were observed in the population within a 12-month period. Continuous reproductive pattern has been observed in A. platensis and A. uruguayana (Bueno and Bond-Buckup, 2000; Viau et al., 2006) , but it should be noted that at least for the former species a distinct peak in the reproductive activity was observed during the winter season (July) (Bueno and BondBuckup, 2000) . The incubation period of A. uruguayana is shorter (less than two months) when compared to other aeglids with marked seasonal reproductive period (López-Greco et al., 2004) , which indicates the occurrence of multiple annual breeding cycles in this species.
By comparing the compiled information on the latitudinal variation of the reproductive pattern among aeglids, a trend of increasing length of the breeding period with latitude emerges (Table 3 ; Fig. 7A ), especially when fluvial species are considered. This is the opposite of the pattern demonstrated in benthic marine decapods (Bauer and Rivera Vega, 1992; Bauer, 1992; Castilho et al., 2007) , in which reproductive pattern tends to be continuous in tropical species and seasonal in species from temperate regions (higher latitudes). Latitudinal variations of major environmental components, such as water temperature and pulses of plankton production (food availability) have been considered as possible causal factors for this trend (Bauer, 1992; Castilho et al., 2007) .
The same environmental cues, plus photoperiod, have been suggested as causal factors that could affect the reproductive pattern in aeglid populations (Bahamonde and López, 1961; Bueno and Bond-Buckup, 2000; Swiech-Ayoub and Masunari, 2001; Noro and Buckup, 2002) . However, the way these factors act on these animals is evidently different than the way they influence marine species. Temperature data from the locality where each aeglid species occurs (Table 3) reveal that the lengths of the reproductive periods are related to the variability (expressed by the standard deviation) rather than the mean value of this variable (Fig.  7B) . In addition, variations in local rainfall regime and the 0.89 6 0.05 0.69-1.00 Table 3 . Reproductive periods of aeglid species in different geographical localities and climatic regimes. Data are ordered in relation to latitude. 1 -Present study; 2 - Rodrigues & Hebling (1978) resultant impact on stream flow velocity (see Fig. 1 ) also seem to affect the reproductive pattern of fluvial aeglid species (Fig.7C) . In general terms, the reproductive period tends to be shorter (2-7 months), in localities under larger rainfall variation (s.d. . 60 mm) and smaller temperature variability (s.d. , 2.58C) than in sites with opposite climate conditions, where ovigerous females occur for longer periods (8 months for A. laevis laevis and A. denticulate , and rainfall variability (C). All species are fluvial forms, except A. denticulata lacustris (empty circle), which is lacustrine. References are the same of those of Table 3. lacustris Jara, 1989, and 9 months for A. longirostris) (Bahamonde and López,1961; Jara, 1989; Colpo et al., 2005) , or year-round as for A. platensis and A. uruguayana (Bueno and Bond-Buckup, 2000; Viau et al., 2006) . This pattern seems valid also for populations of the same species from different localities as in the case of A. castro Schmitt, 1942 (5 months in Ponta Grossa; 2 months in Itatinga) (Swiech-Ayoub and Masunari, 2001; Fransozo et al., 2003) .
Considering that West-East radiation of the aeglids in South America included the dispersion of some aeglid clades from temperate to subtropical regions along the Paraná-Uruguay paleo-drainage (Pérez-Losada et al., 2004) , it is reasonable to suggest that a climatic regime that provides occurrence of lower temperatures and narrower rainfall range represents optimal breeding condition and that species that occur in lower latitudes are under more limiting conditions (higher and less fluctuating temperature, and wider alteration in stream water velocity due to markedly seasonal rainfall) which constrains their reproductive period.
The presently available information on the possible influence of water flow velocity on breeding periods of aeglids suggests that this factor affects juvenile survivorship. Settling juveniles of several species are reported to concentrate in portions of the habitat with reduced stream flow velocity (Bahamonde and López, 1961; López, 1965; Rodrigues and Hebling, 1978; Bueno and Bond-Buckup, 2000; Swiech-Ayoub and Masunari, 2001; Noro and Buckup, 2002) . Laboratory observations on breeding females of A. uruguayana conducted by López-Greco et al. (2004) reinforces this view: females carrying eggs close to hatching or newly hatched juveniles avoided areas of the aquarium with increased water movement caused by the air stones. The short breeding pattern (4 months, second only to A. castro from Itatinga) of A. franca is in accordance to this interpretation: this species occur in an area which is the northernmost locality inhabited by an aeglid, and presented the largest rainfall variability (s.d. ¼ 104.6 mm) and the narrowest temperature variability (s.d. ¼ 5.08C) when compared to those for other species' localities (Table 3) .
In terms of fecundity (NE) and egg size, the compiled information also suggests a latitudinal pattern: eggs tend to be fewer in number (considering the lnNE/lnCLR ratio, to minimise the non-linear effect of body size on fecundity) and larger in size towards lower latitudes (Table 4 ). This becomes particularly evident when comparing data from A. laevis laevis, A. rostrata Jara, 1977, A. franca, and A. paulensis, the only species for which both egg attributes have been registered (Fig. 8) . This trend might again indicate the limiting influence of environmental factors in lower latitudes which favoured forms that produced fewer embryos, but with higher probability of survivorship.
It should be noted that comparisons among the currently available fecundity or egg size of aeglid species should be taken with caution because analysis methodology varied among the studies. Depending on the case, all embryonic stages were either pooled together, or no selected embryonic stage was specified, or only a late embryonic stage was considered (see López, 1965; Burns, 1972; Jara, 1977; Noro and Buckup, 2002; Gonçalves et al., 2006) . For a fully adequate comparison, it would be valuable to have data obtained with a standardized procedure focused on early stage eggs, which would minimize biases caused by egg loss or embryo growth as observed in female A. franca carrying late stage eggs, and intermediate-late eggs, respectively. Providing the equations for relationship of the number of eggs vs. carapace length (informing whether CL or CLR was measured) is also encouraged because this would make more objective fecundity comparisons possible (including statistical tests, if standard errors of the parameters are informed). Description of the fecundity vs. size relationship is currently available for A. franca (this paper), A. leptodactyla Buckup and Rossi, 1977 (Noro and Buckup, 2002) and A. franciscana Buckup and Rossi, 1977 (Gonçalves et al., 2006) only. For A. paulensis, A. araucaniensis Jara, 1980 and A. franciscana (López, 1965; Jara, 1980; Gonçalves et al., 2006) such relationship has been verbally described. In A. perobae Hebling and Rodrigues, 1977 , no correlation between number of eggs and female size was verified (Rodrigues and Hebling, 1978) .
We present here the hypothesis that the climate regime departs from optimal reproduction conditions for aeglids with decreasing latitude. We also propose that stream water Table 4 . Size of the smallest ovigerous female (CL ¼ carapace length, rostrum not included; CLR ¼ carapace length, rostrum included; ? ¼ detail of measurement unknown), range of number of eggs (NE) with size of corresponding female, range of size-corrected fecundity (lnNE/lnCL or lnNE/lnCLR) and egg size (mean major axis length 6 standard deviation, when available) of aeglid species from different geographical localities. Data are ordered in relation to latitude. References are same of those of Table 3 velocity might act as a major selective pressure during the early life history of fluvial aeglids and should be included as one of the factors that potentially affect their reproductive pattern. It becomes clear, however, that additional field studies regarding the effect of these environmental factors on the reproductive pattern in other aeglids species, or same aeglid species from different localities, are needed to test the validity of this hypothesis.
